Introduction

10
The presence of compaction bands in nature may provide useful information on various 11 geological processes as it is an indication of the stress state history of a geological formation. 12
Compaction bands are usually characterized by a significant reduction of the pore space, which in 13 most of the cases is accompanied by an important reduction in permeability. Thus, compaction 14 bands are also important in reservoir mechanics for oil production and CO 2 storage [Olsson et al., and the identification of the general conditions that lead to strain localization is not 33 straightforward. On the other hand a continuum approach can reveal the conditions for 34 compaction band triggering given the constitutive behavior of the material [Rudnicki and Rice, 35 1975; Vardoulakis and Sulem, 1995; Rudnicki, 2002] . It is commonly observed that strain 36 localization is favored by strain softening and most of the existing theoretical studies focus on 37 pure mechanical reasons for compaction band formation (mechanical softening due to grain and 38 matrix damage and pore collapse). Nevertheless, more recently, the role of chemical softening on 39 5/50 bands, where the poro-mechanical properties of the rock have obviously drastically changed. 71
Exploring the effects of dissolution prior to compaction band formation is also a difficult task in 72 the laboratory as the reproduction of the field conditions is not straightforward. Nevertheless, 73 recent experimental tests with dissolvable surrogate materials and numerical studies with the 74 Discrete Element Method have shown that dissolution of grains causes pronounced changes in 75 the fabric and in the intergranular force transmission that may result in episodic microstructural 76 changes and to strain localization [Shin, 2009; Shin and Santamarina, 2009; Tran et al., 2012] . 77
The aforementioned indications of chemically induced strain localization instabilities provides 78 the motivation of the present study and justifies the consideration of strong chemo-mechanical 79 couplings in models due to dissolution. grain-matrix debonding and the dissolution reaction kinetics refer to this scale. The distinction of 87 the micro-and the macro-scale is presented schematically in Figure 2 . The bridging between the 88 macro-and the micro-scale is achieved here through the empirical law of Lade [1996] , which 89 relates the effective grain size to the mechanical energy input to the system. In this sense, at least 90 part of the mechanical energy is dissipated through the various micro-mechanisms related to the 91 solid skeleton damage for the creation of new surfaces in the medium (fracturing). The advantage 92 of the aforementioned empirical law over other micromechanical approaches is that it needs the 93 calibration of only one parameter. More sophisticated grain damage models that account for the 94 degradation of the inter-granular cement of rocks might be suitable, but the chosen 95 phenomenological approach is a first step for studying some key features of chemical degradation 96 on compaction banding by avoiding unnecessary complexity. Dissolution reaction kinetics at the 97 micro-level (i.e. at the scale of a single grain) are then up-scaled to the macro-level. 
104
As it was already mentioned, the present analysis aims at exploring the possibilities of 105 compaction band formation due to chemical softening effects only. Therefore, mechanical 106 softening (or hardening) induced by grain damage or pore collapse is not considered herein in 107 order to isolate the chemical effects. This means that the effect of grain damage and pore collapse 108 on the evolution of the yield surface as described for instance by Das et al. [2011] is neglected. 109
On the other hand the effect of the damage of the solid skeleton on the acceleration of chemical 110 reaction is taken into account by explicitly introducing the effective specific surface of the grains 111 in the reaction kinetics law. Of course it is possible to account also for mechanical 112 softening/hardening due to grain damage and pore collapse but this would somewhat hide the role 113 of chemical effects explored here. 114
115
The first two sections of the paper are devoted to the formulation of the proposed chemo-poro-116 mechanical model by distinguishing the micro-and the macro-level behavior. At the macro-level 117 (section 2), the constitutive behavior of the material is described within the frame of plasticity 118 theory, the mass balance equation is derived and the linear momentum balance is set forth in 119 order to account for the different species in the REV. At the micro-level (section 3), the evolution 120 of the effective grain size due to various micro mechanisms is described and the reaction kinetics 121 are formulated and upscaled to the macro-level. Next, in section 4, the possibility of compaction 122 band formation is discussed through a linear stability analysis. A criterion for compaction band 123 instabilities is proposed and its sensitivity to the various parameters of the model is explored. 124
Note that because of the strong chemo-poro-mechanical coupling, the application of the classical 125 localization criterion of Rice [1976] Depending on the applied stress path, the boundary conditions and the geomaterial at hand, a 147 strain hardening or softening response can be observed due to the various mechanisms, which 148 take place at the microlevel, i.e. at the grain-scale, and are related to the evolution of the 149 microstructure of the solid skeleton (e.g. pore collapse) and to grain damage (e.g. grain 150 fracturing). However, for the reasons exposed in the introduction, only chemical softening will be 151 considered herein. 152
153
The removal of minerals from the solid skeleton through chemical processes causes the 154 mechanical strength of the rock to decrease [e.g. Hueckel, 2007a, 2007b] . Therefore, we 155 expect the mechanical strength of a rock to be a function of the (residual) mass of the solid 156 skeleton after the dissolution process. Expressing as The elasto-plastic incremental stress-strain relationships are given by: 186
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with 199 This equation represents a set of consecutive reactions that take place and are responsible for the 218 dissolution of carbonate rocks [Grgic, 2011] . 219
Here we consider any dissolution process of the form: 220
The reaction kinetics of this general equation will be analyzed in the next section. 222
223
At the macro-scale, the REV can be seen as a porous medium. The mass of the solid phase is 3 M 224 (e.g. ( )
where d dt χ is the particle derivative, χ ρ is the density and n χ is the Eulerian porosity referring to 231 particle χ ( f for fluid and s for solid species), r χ ψ → represents the rate of mass of χ 232 transformed to ψ and t dΩ is the material volume in the current configuration. By definition: 233
where f ρ is the density of the solution, which depends on the reactant's concentrations, the 235 pressure f p and the temperature. Equations (8) and (9) lead to: 236
Considering isothermal conditions and constant density for the solid phase, Eqs. (10) and (12) 238 become: 239
where the Nabla operator refers to the initial configuration ( X is the position vector of the solid 242 particles in the initial configuration), s V and f V are respectively the velocities of the solid phase 243 Lade et al. [1996] proposed the following expression for the evolution of grain crushing of a 290 granular material in terms of the mechanical work input: 291
where 0 D is the effective grain size of the initial gradation and T E is the total energy input per 293 specimen unit volume (including the energy due to isotropic compression and shearing). a is a 294 fitting parameter, which will be called here grain damage sensitivity parameter that expresses the 295 extent of the grain size change due to energy input. For large values of parameter a, as compared 296 to E T , the grain size is constant. As discussed by Lade et al. [1996] , the total energy seems to be a 297 more relevant parameter for describing grain breakage compared to the effective mean stress or 298 the void ratio. As an example, for Cambria sand 0.747MPa a = [Lade et al., 1996] . For a rock, 299 the parameter a should also depend on the grain size distribution [cf. Cheung et al., 2012] . 300
Considering that the specific effective surface of a grain S (effective grain surface area to 301 volume ratio) is inversely proportional to the grain diameter, it is natural to assume the same type 302 of relationship: 303
It is worth emphasizing that the grains of rocks are often cemented together and that the 305 consideration of the rock as a granular material, with well-defined grain to pore fluid interactions 306 is rather an idealization of reality. Nevertheless, as it was mentioned above, the dissipation during 307 mechanical loading is mainly attributed to internal friction mechanisms (reorganization of grains, 308 grain dislocation/disclination) and microcracking of both the grains and of the cementitious 309 matrix (Hertzian cracking, microcracking, debonding etc.). In this sense, Eq.(19), could also be 310 used in order to describe the increase of the specific surface of the grains of a cemented granular 311 material like a porous rock. Parameter a may be calibrated either through appropriate 312 micromechanical models that take into account the micro-cracking of the matrix and grain 313 breakage [e.g. Das et al., 2011] or through adequate experimental tests. More specifically, the 314 value of the grain damage parameter may be determined experimentally through acoustic 315 hal-00923844, version 1 -5 Jan 2014
16/50 emissions, X-ray tomography or other experimental techniques that will 316 correlate the effective grain size due to grain damage and the mechanical energy input. 317 318 Finally, it should be mentioned that grain crushing results in a reduction of porosity and generally 319 to a reduction of permeability [Walsh and Brace, 1984; Sulem and Ouffroukh, 2006] . Moreover, 320 due to dissolution, the specific area of the grains at the microscale is increased and the existing 321 microcracks propagate further (subcritical growth, stress corrosion cracking). Therefore, the grain 322 crushing sensitivity parameter, a , is not necessarily constant in time and may depend on the 323 reaction kinetics, the stress level and the nature of the saturating fluid. However, in the linear 324 stability analysis presented in the next section, the permeability change due to porosity reduction 325 is of second order and can be neglected for the onset of strain localization. Nevertheless, for 326 performing numerical simulations of rocks with the proposed chemo-poro-mechanical model it is 327 possible to determine the evolution of these parameters based on empirical and/or theoretical 328 models. 329 330
Reaction kinetics 331
According to Rimstidt and Barnes [1980] the rate of reaction between the fluid and solid phase 332 during quartz dissolution (or precipitation, R1) is directly proportional to the interfacial area 333 between the solid and the liquid phase. The dissolution rate is commonly assumed to be 334 proportional to the mineral surface area exposed to the aqueous solution [Cubillas et al., 2005] . 335
Here we generalize this idea for any dissolution process of the form of R3. The rate of production 336 (or consumption) of moles of the dissolution product is considered to obey the following rate 337 
It is worth mentioning that in order to account for the intergranular dissolution-diffusion micro-346 mechanisms that take place in the thin aqueous film that is developed at the grain contacts, a 347 chemical potential that depends on the stress state is often considered (pressure solution [Rutter, 348 1983] ). As a result, the reaction kinetics (i.e. Eq. 
The growth coefficient is positive and the system is unstable. 542 observed is of the order of two grains. In the present analysis the compaction band thickness 566 depends on the chemo-mechanical properties of the material and of the heterogeneity of the 567 microstructure. However, it should be mentioned that the present model should not be considered 568 as predictive and that the calculated compaction band thickness has only a qualitative character. 569
In particular, the derived compaction band thickness corresponds to the thickness of the 570 compacting zone at the onset of the localization. This process zone may decrease further during 571 compaction. For example, strain softening because of grain crushing/fracturing and pore collapse, 572 which was excluded here in order to isolate the effects of dissolution, can decrease further the 573 compaction band thickness. In order to simulate the evolution of the compaction band thickness, 574 a post-bifurcation analysis is necessary which exceeds the scope of the present paper. 575
576
The dominant wavelength, max λ , depends on the hydraulic diffusivity of the rock. In Figure 12 vertical effective stress leads to a fast increase of the pore pressure inside the compaction band in 586 order to equilibrate the total applied vertical stress, which is assumed constant. Therefore, the role 587 of hydraulic diffusivity is crucial, as a more permeable material would need a larger zone in order 588 for the pore pressure to rapidly increase and equilibrate the constant total vertical stress. On the 589 contrary, in a less permeable material, this zone will be narrower leading to thinner compaction 590 bands. Moreover, the faster the dissolution reaction is, the more rapidly the pore pressure has to 591 build-up in order to equilibrate the total vertical stress. Consequently, for a given value of the 592 hydraulic diffusivity parameter, the chemical softening rate controls the thickness of the 593 localization zone. 594
595
The chemical softening rate depends on the grain damage parameter a and on the dissolution 596 rate k * . Figure 13 shows the dependency of the compaction band thickness on the grain damage 597 parameter for the numerical example presented in the previous section. As expected, stronger 598 grain damage (i.e. lower values of parameter a ) leads to thinner bands (a higher specific surface 599 leads to a higher chemical softening rate). It should be emphasized, though, that this is only a 600 chemical softening effect and that the possible introduction of additional mechanical softening 601 through grain breakage would enhance this trend. Similarly, in Figure 14 we present the 602 dominant wavelength in terms of the grain damage parameter for various orders of magnitude of 603 the dissolution rate coefficient. We observe that a faster reaction rate leads to a narrower 604 compaction band at the onset of the localization. This is due to the fact that higher values of k * 605 increase the chemical softening rate (Eq. (22) and (23)). Alternatively, the impact of the 606 dissolution rate to strain localization can be investigated through the non-dimensional expression 607 of the hydraulic diffusivity parameter. According to equation (27) by increasing the dissolution 608 rate (faster reaction) the non-dimensional hydraulic diffusivity decreases, which leads to thinner 609 compaction bands as discussed above (Figure 12) . 610 (18), (19) ). 717
718
In this paragraph we attempt to explore the possibility of compaction bands formation in 719 carbonate grainstones because of CO 2 injection at 1.8 km depth. The set of reactions that take 720 place because of the CO 2 injection are summarized through the stoichiometry of equation R2. In 721 Table 2 we present some typical values for the chemo-mechanical parameters of a porous 722 carbonate rock. At this depth, we assume that the water pressure is 18MPa 
